Cobyrinic acid a,c-diamide synthase, which catalyzes the conversion of cobyrinic acid to 
The first and simplest known intermediate on the cobalamin biosynthetic pathway which contains the typical corrin ring system is cobyrinic acid (Fig. 1) (2, 22) . The seven carboxyl groups in this compound, designated a, b, c, d, e, f, and g, undergo amidation in the course of biosynthesis of cobinamide, a late precursor of cobalamin (2) . Six amidations, at positions a, b, c, d, e, and g, yield free amides, whereas the seventh carboxyl, at the side chainf, is amidated with (R)-1-amino-2-propanol. The sequence of amidations and the stage at which the (R)-1-amino-2-propanol group is introduced have been studied in several laboratories. A series of thorough investigations led Bernhauer's group to the conclusion that the amidations follow a preferred but not strictly obligatory route and that the (R)-1-amino-2-propanol group is introduced at a stage which depends on the cultivation conditions (2, 10) . In vitro studies carried out by Rapp with crude extracts of Propionibacterium shermanii largely confirmed these conclusions (21) . On the other hand, studies based on the transformation of administered carboxylic corrinoids performed by Friedrich (11) and Friedrich and Sandeck (12, 13) showed that (R)-1-amino-2-propanol is incorporated only after completion of the six other amidations and that the preceding amidations follow one unique sequence. The obligatory role of cobyric acid in cobalamin biosynthesis was confirmed by Bartosinsky et al. (1) . Despite discrepancies among authors' conclusions, it can be deduced from the different studies that the first carboxylic group to be amidated into free amide is the acetic acid residue at position c, followed by the residue at position a or to some extent at position g (2, 21) .
Various microorganisms synthesize metal-free corrinoids when grown on cobalt-free media (16) . The cobalt-free analogs of most of the corrinoid precursors of cobalamin have been isolated from a number of cobalamin-producing microorganisms grown in appropriate culture conditions. Particularly, hydrogenobyrinic acid c-amide and hydro-* Corresponding author.
genobyrinic acid a,c-diamide have been identified as the main metal-free corrinoids excreted by Rhodopseudomonas spheroides (6) . Hydrogenobyrinic acid, the cobalt-free analog of cobyrinic acid, was until recently considered not to occur in nature (16) . Isolation of this pigment was recently reported in cultures of Pseudomonas denitrificans grown in a medium containing cobalt (F. Blanche, D. Thibaut, D. Frechet, M. Vuilhorgne, J. Crouzet, B. Cameron, K. Hlineny, U. Traub-Eberhard, M. Zboron, and G. Muller, Angew. Chem., in press). Therefore, the sequence of the first two amidation reactions from hydrogenobyrinic acid is obviously identical with that from cobyrinic acid.
In Propionibacterium shermanii, introduction of the 5'-deoxy-5'-adenosyl group is very likely to take place after the first amidation at position c, since all of the intermediates after cobyrinic acid have been isolated in coenzyme form in vivo (2) . Cobyrinic acid was found in the diaqua form (2) . The actual in vitro situation is slightly different, since the minimum requirement for enzymatic adenosylation seems to be that both carboxyl groups a and c be amidated (2) .
In comparison with the process of (R)-1-amino-2-propanol attachment for which a number of enzymatic studies have been carried out (7-9, 17, 19) , enzymes of amidation have received less attention, and only two in vitro works have been reported to date. The first one involved incubations of 5'-deoxy-5'-adenosylcorrinoid mono-to pentacarboxylic acids with crude extracts of Propionibacterium shermanii (21) , and the second is a recent report of an assay of a weak amidation activity of cobinic acid a, c, d, e, g-pentaamide from Clostridium tetanomorphum (7) .
This work was undertaken to study the first amidation activity along the cobalamin pathway from cobyrinic acid and to characterize the specificity of this enzyme toward corrinoids versus metal-free corrinoids. A high-performance liquid chromatography (HPLC) assay was devised, and a procedure to purify the enzyme to homogeneity is reported. This report presents the first description of the purification and characterization of any amidation activity on the cobalamin pathway. 
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains and plasmids used are listed in Table 1 . Bacteriological techniques have been described elsewhere (4) . Plasmid pXL191 was transferred from Escherichia coli MC1060 to SC510 Rif' through conjugation, using pRK2073 as a helper plasmid (4) . For cobyrinic acid a,c-diamide synthase purification, strain SC510 Rif(pXL191) was grown on a rotary shaker at 30°C in 250-ml Erlenmeyer flasks containing 25 ml of PS4 medium (4) supplemented with lividomycin. After (20 ,umol) was allowed to react with potassium borohydride (1 mmol) in 7.5 ml of aqueous 0.1 M sodium hydroxide for 90 min at room temperature. After reduction, 10 ml of aqueous cobalt(II) chloride (5.8 mmol) was added, the solution was acidified to pH 3.0 with 3 N hydrochloric acid, and the corrinoid mixture was desalted on a LiChroprep RP-18 column (10 ml). After air oxidation, (aq)2cobyrinic acid was purified by HPLC on a Nucleosil C-18 5-pRm column (4.6 by 250 mm)(MachereyNagel, Duren, Federal Republic of Germany ) eluted at a flow rate of 1 ml min-' with a linear gradient of 0 to 2% acetonitrile in 0.1 M potassium phosphate (pH 6.8).
The following columns were run on a Gilson 305 gradient HPLC system: Mono Q HR 10/10, Mono Q HR 5/5, and Phenyl-Superose HR 5/5 columns (Pharmacia, Uppsala, Sweden) and Bio-Gel HPHT and Bio-Sil TSK-250 columns (Bio-Rad Laboratories, Richmond, Calif.).
General methods. N-terminal amino acid sequencing of purified cobyrinic acid a,c-diamide synthase and determinations of protein concentrations were carried out as previously described (3) . Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis was performed with 8-25 PhastGel gradient gels on a PhastSystem instrument (Pharmacia). Gels were stained with PhastGel Blue R (Pharmacia) as instructed by the manufacturer. The native molecular weight of cobyrinic acid a,c-diamide synthase was determined by gel filtration on a Bio-Sil TSK-125 column eluted at a flow rate of 0.5 ml min-1 with 0.05 M sodium sulfate-0.02 M sodium dihydrogen phosphate (pH 6.8). Molecular weight estimations were obtained with GPC6/7000, a gel permeation chromatography data reduction software installed on a 7700 Professional Computer (Perkin-Elmer, Norwalk, Conn.). Separation of mono-and diacetamide derivatives of (CN)2cobyrinic acid by HPLC is described elsewhere (Blanche et al., Anal. Biochem., in press). The same method was used for metal-free corrinoids, which were separated with the modified elution gradient system used for Fig (5 mM) . The appropriate equations were fitted to weighted experimental data with the computer program Enzfitter as described elsewhere (3) .
Purification of cobyrinic a,c-diamide synthase. All steps were performed at 4°C, and the pH of all buffers was adjusted to 7.7 at 20°C.
Step 1. Preparation of a crude extract. A cell extract of strain SC510(pXL191) was prepared from 2.5 g of wet cells in 15 ml of 0.1 M Tris hydrochloride (buffer A), using the method previously described (3).
Step 2. First ion-exchange chromatography. The crude extract was loaded at a flow rate of 3 ml min-' on a Mono Q HR 10/10 column equilibrated with buffer A. Proteins were eluted with a linear gradient of potassium chloride (0 to 0.5 M) in buffer A. Cobyrinic acid a,c-diamide synthase activity was eluted around 0.25 M potassium chloride. Active fractions were pooled and concentrated to 2.5 ml in a Centriprep 10 (Amicon).
Step 3. Second ion-exchange chromatography. After addition of 1 ml of 25 mM Tris hydrochloride (buffer B), the protein solution was injected at 1 ml min-' onto a Mono Q HR 5/5 column equilibrated with buffer B. Proteins were eluted with a linear gradient of potassium chloride (0 to 0.35 M) in buffer B.
Step 4. Hydrophobic chromatography. A 1-ml volume of 0.1 M Tris hydrochloride-1.7 M ammonium sulfate was added to the active protein fraction from step 3, and the solution was loaded at a flow rate of 0.25 ml min-' onto a Phenyl-Superose HR 5/5 column equilibrated with 0.1 M Tris hydrochloride-0.5 M ammonium sulfate. Proteins were eluted with a linear decreasing gradient of ammonium sulfate from 0.5 to 0 M, followed by a plateau of 0 M ammonium sulfate to elute the enzyme.
Step 5. Hydroxyapatite chromatography. Fractions containing amidation activity were pooled and injected on a Bio-Gel HPHT column in 25 mM Tris hydrochloride-10 jiM calcium chloride. The enzyme was eluted as a symmetrical peak at 0.5 ml min-' with a linear gradient of 50 mM potassium phosphate-10 FM calcium chloride.
RESULTS
Detection of SC510 recombinant strains that amplify cobyrinic acid a,c-diamide synthase activity. Cobyrinic acid a,cdiamide synthase activity was assayed in crude protein extracts of a number of recombinant P. denitrificans strains carrying previously described plasmid-encoded P. denitrificans cob genes (4). An elevated activity (about 8 U mg-' versus 0.15 U mg-') was detected in SC510 Rif' strains harboring plasmid pXL191 or other plasmids carrying the cobB gene. SC510 Rif(pXL191), which carries cloned cobA to cobE genes (Sb) , was used as a source of enzyme.
Identification and purity of (aq)2cobyrinic acid. (Aq)2co-byrinic acid exhibited a spectrum with three maxima (E) at 347 nm (26,800 M-1 cm-'), 488 nm (10, 150 M-1 cm-'), and 514 nm (10,000 M-1 cm-'). By comparison with the corresponding maxima of (CN,aq)cobyrinic acid at 354, 494, and 525 nm, the absorption spectrum of (aq)2cobyrinic acid is 6-to 11-nm shortwave shifted. This spectroscopic property is a clear indication of water molecules as axial ligands (15) . Cyanide treatment of (aq)2cobyrinic acid afforded (CN)2cobyrinic acid, as demonstrated by HPLC [purity of (CN)2cobyrinic acid obtained, >98%].
Products of cobyrinic acid a,c-diamide synthase activity. The products of the (CN,aq)cobyrinic acid amidating activity were the c-monoamide and a,c-diamide derivatives (Fig.  2B) . This result suggests that the first amino group is introduced at position c only and the c-monoamide is further amidated at position a only. This activity does not perform any further amidation in vitro. All of these observations applied when (aq)2cobyrinic acid was used as a substrate.
Therefore, this protein must be classified as cobyrinic acid a,c-diamide synthase. Likewise, the purified protein could also carry out two successive amidations of acetic acid carboxylic functions at positions c and a of hydrogenobyrinic acid (Fig. 2A) . The enzyme is also a hydrogenobyrinic acid a,c-diamide synthase.
Assay of cobyrinic acid a,c-diamide synthase activity and enzyme purification. The diamide synthase assay was optimized to achieve linearity with time and protein concentration. Ionic strength and pH were selected to provide maximum initial amidation velocity of cobyrinic acid as well as hydrogenobyrinic acid. Cobyrinic acid a,c-diamide synthase activity was shown to be ATP dependent and required Mg2+ ion. It exhibited a broad maximum around pH 7.3 (6.8 to 8.0), but because of the chemical instability of hydrogenobyrinic acid in alkaline solution, the activity decreased rapidly when assayed with hydrogenobyrinic acid at pH above 8.0. Table 2 summarizes the results of a representative purification of cobyrinic acid a,c-diamide synthase. In the course of enzyme purification, hydrogenobyrinic acid was used as the substrate for two main reasons: (i) the enzyme exhibits a much higher affinity for the metal-free corrinoid than for the corrinoid (Table 3 ) and (ii) fluorescence detection is much more sensitive than absorbance detection. The enzyme was purified about 155-fold, with an overall yield of 35%.
Catalytic properties and substrate specificity. A steadystate kinetic analysis of the purified enzyme was carried out with hydrogenobyrinic acid c-monoamide as the substrate. This study gave Km values of 0.21, 20.3, and 30.2 ,uM for hydrogenobyrinic acid c-monoamide, glutamine, and ATP, respectively. A Vmax value of 574 nmol h-1 mg-' was calculated (Table 3) . Double-reciprocal plots of initial velocity against hydrogenobyrinic acid c-monoamide, ATP, or glutamine concentration gave three families of intersecting straight lines, the typical feature of a sequential mechanism (14) . These results suggest that all of the three substrates must be present simultaneously at the active site of the enzyme before product formation can occur.
Compared with its metal-free analog, cobyrinic acid either in its (CN,aq) or (aq)2 form exhibited a more than 100-foldreduced affinity for the enzyme and a comparable turnover number of the reaction (Table 3) . Similar conclusions are drawn from the study of c-monoamides as substrates. The specificity of cobyrinic acid a,c-diamide synthase was fur- ther investigated by using the various mono-, di-, and triacetamide derivatives of (CN,aq)cobyrinic acid as substrates. This study established that (i) amidation at position c always precedes amidation at position a, (ii) c-amidation velocity is five-to sevenfold higher than a-amidation velocity, (iii) the presence of an amide group at position g does not alter enzyme specificity or reaction velocity, and (iv) neither acetic carboxyl g nor propionic carboxyls are in any case amidated by the enzyme (Table 4) . Interestingly, when (aq)2cobyrinic acid was used as the substrate, the a,cdiamide derivative was the main product formed during incubation, suggesting that (aq)2cobyrinic acid c-monoamide is a better substrate than the (CN,aq) analog.
Studies with the purified enzyme showed that glutamine is the preferred amino group source but indicated that the enzyme is not strictly specific for this substrate, since (Fig. 3) , and showed a single symmetrical peak when analyzed by gel filtration (TSK-250) HPLC. When the enzyme was subjected to microsequencing, the N terminus was not blocked and the first 15 cycles revealed only one clean sequence: H2N-Ser-Gly-Leu-LeuIle-Ala-Ala-Pro-Ala-Ser-Gly-Ser-Gly-Lys-Thr. In addition, active fractions from all purification steps exhibited a constant c-amidation velocity/a-amidation velocity ratio. Molecular weight. The molecular weight of the native enzyme was estimated to be 86,000 ± 2,000 by gel filtration. SDS-polyacrylamide gel electrophoresis of denatured coby- rinic acid a,c-diamide synthase (Fig. 3) showed a single band with a molecular weight of 45,000 + 2,000. These results strongly suggest a homodimeric structure.
DISCUSSION
The enzyme that catalyzes amidation of cobyrinic acid was purified to homogeneity from extracts of a recombinant P. denitrificans strain. Purity of the enzyme was established by observing a single protein-stainable band after SDSpolyacrylamide gel electrophoresis and the ability to obtain clean sequencing data for the first 15 amino acid residues at the N terminus. Apart from the amino-terminal methionine, which appears to be processed off to leave the penultimate amino acid as the N terminus of the mature protein, this sequence was found to be identical with the N-terminal sequence of the protein encoded by the cobB gene carried by plasmid pXL191, the sequence of which will be published elsewhere (5b). Moreover, the estimated molecular weight of the denaturated protein (45,000) agrees with the molecular weight (45,600) predicted from the DNA sequence of the cobB gene. These findings demonstrate that cobB is the structural gene of cobyrinic acid a,c-diamide synthase.
The study of substrate specificity confirmed and extended to P. denitrificans the widely accepted sequence of early amidations in Propionibacterium shermanii and C. tetanomorphum, c > a,c (10), but did not support an earlier report (2) claiming a possible alternate sequence: c > c,g > a,c,g (Fig. 2B) . Our results also clearly establish that both amidations of acetic carboxyls c and a of cobyrinic acid can precede Cop-adenosylation in vitro. The fact that hydrogenobyrinic acid c-monoamide is as good a substrate as hydrogenobyrinic acid offers further evidence that the attachment of the 5'-deoxy-5'-adenosyl group is not a prerequisite for amidation of carboxyl group a by cobyrinic acid a,c-diamide synthase.
Since (i) glutamine is the amido N donor and (ii) cobyrinic acid is the established cobalamin precursor, the enzyme must be classified as cobyrinic acid:L-glutamine amido-ligase (or, more simply, cobyrinic acid a,c-diamide synthase [glutamine hydrolyzing]) (23) . The finding that glutamine is the amino group donor agrees with previously in vivo studies reported by Yeliseev et al., who showed that in Propionibacterium shermanii, the peripheral amide groups of cobalamin are derived from the amide group of glutamine (24) . This study has demonstrated amidation of hydrogenobyrinic acid into its a,c-diamide derivative by cobyrinic acid a,c-diamide synthase from P. denitrificans in vitro, a result which suggests that this enzyme is responsible for amidation of cobalt-free as well as of cobalt-containing corrinoids in vivo. Evidence that cobyrinic acid a,c-diamide synthase is involved in cobalamin biosynthesis was obtained from a study of strains G2636 and G2638, two P. denitrificans mutants carrying a cobB mutation (Sb) . These mutants were shown to be deficient in cobalamin biosynthesis, since they produced <0.5% of the parent strain level of cobalamin. They still make hydrogenobyrinic acid (85 and 140%, respectively, of the parent strain level) but no longer accumulate hydrogenobyrinic acids, a-monoamide and a,c-diamide (<5% of the parent strain level). These data establish that cobB mutations result in both (i) inactivation of the first amidation step along the metal-free corrinoid route and (ii) a blockage of the cobalamin pathway.
Hydrogenobyrinic acid exhibited a more than 100-foldhigher affinity for the enzyme than did (aq)2-or (CN, aq)cobyrinic acid. At first sight this result is surprising, since (i) cobyrinic acid is an established precursor of cobalamin in Propionibacterium shermanii and C. tetanomorphum (2, 10, 22) and (ii) cobyrinic acid has been found in the diaqua form when isolated for the first time from Propionibacterium shermanii cultures (2) . The very high Michaelis constant of the enzyme for cobyrinic acid as well as the nonaccumulation of cobyrinic acid in cultures of P. denitrificans SC510 (Blanche et al., Anal. Biochem., in press) and in cultures of cobB mutants G2636 and G2638 (data not shown) does not permit confirmation that (aq)2cobyrinic acid is a cobalamin precursor in P. denitrificans. Studies aimed at inserting cobalt enzymatically into metal-free corrinoids have been unsuccessful (6, 20) , and the metabolic function of these compounds is still unknown. However, the results outlined above provide the first direct evidence that metal-free corrinoids are amidated by the same enzyme in the same sequence as are their corrinoid analogs.
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